Objective: To compare the time-course of breast milk leptin levels between term and preterm pregnancy. Design: Open longitudinal prospective randomised study. Methods: RIA of leptin levels in milk from 33 mothers (term pregnancy: n ¼ 24; preterm: n ¼ 9) at three postpartum intervals: 2-3 days, 4-5 days and 6 weeks (intervals A, B and C), combined with serum in 23 mothers (term: n ¼ 17; preterm: n ¼ 6) in interval A. Milk samples were sonicated before incubation. Results: Interval A leptin levels were approximately tenfold higher in serum than in milk (term: 13.24^2.48 vs 1.34^0.14 ng/ml, P , 0.0001; preterm: 4.46^1.05 vs 0.63^0.18 ng/ml, P , 0.0005), and higher in term than in preterm serum (P ¼ 0.03). Milk levels were higher in the term vs preterm group in intervals A (P , 0.01) and B (P , 0.05). In the term group they declined significantly from interval A to interval B (P , 0.05) but did not vary significantly in the preterm group. Serum levels correlated with maternal body mass index; milk levels showed only moderate correlation with maternal and infant weight or body mass index. Conclusion: The reasons for the presence and differential longitudinal expression of leptin in human milk after term and preterm pregnancy remain unknown. A hypothesis, requiring further study, is that persistently lower leptin levels in preterm milk act as a compensatory release of a brake on neonatal growth.
Introduction
Leptin, the 167 amino acid polypeptide hormone product of the ob gene (1) , is involved in the regulation of metabolism and body weight. Over the last decade, it has been intensively investigated in the prototypical growth state of pregnancy (2) , with the evidence indicating a maternofetal supportive role beginning in early gestation (3) and persisting through lactation (4) .
Studies of leptin expression in human milk have shown a general correlation with maternal plasma levels (5 -7), maternal body mass index (BMI) as a measure of adiposity (6, 8, 9) and infant plasma levels (7) . In normal term milk, the concentrations of growth factors and other growth-promoting substances are high in colostrum, then decline to a plateau (10) . Preterm breast milk displays compensatory changes in fat composition and growth factors (11) , prolonging the colostrum-like period and greatly delaying the transition to the mature milk plateau (12) . The shorter the gestation, the greater would appear to be the growthpromoting activity of preterm milk.
To determine whether this pattern also applies to leptin, we undertook a longitudinal and comparative study of human milk leptin expression after term and preterm pregnancy. Only one previous study, that by Resto et al. (13) , has to our knowledge measured leptin in preterm human milk. It found highly variable levels similar to those reported for term breast milk, but it was not longitudinal, nor did not incorporate its own term controls.
Materials and methods

Subjects and study design
Following local ethical committee approval, lactating women in the obstetric unit of Zurich University Hospital, Switzerland were recruited with their informed consent over a 3-month period into an open prospective randomised longitudinal study. Inclusion criteria were term deliveries after uncomplicated pregnancies and preterm deliveries, defined as , 37.0 weeks of gestation by ultrasound. Non-inclusion criteria were multiple gestation, delivery within the previous 2 years, pre-existing maternal disease, fetal malformation, preeclampsia, BMI . 35.0 at inclusion (2 -3 days postpartum) and lactation failure.
Milk sample collection was standardised by milk volume and time: 5.0 ml were collected in graduated plastic tubes using an electric pump (Medela International, Baar, Switzerland; www.medela.ch) 1-3 h after a continental breakfeast (bread, butter, marmalade and coffee or tea) and just before suckling. Samples were immediately stored at 4 8C, then vortexed later the same day before being pipetted into 800 ml aliquots (1.0 ml Eppendorf tubes) and finally stored at 2 20 8C. Collection was performed in all women at two intervals postpartum: 2-3 days (A) and 4-5 days (B). A third interval, 4-6 weeks postpartum (C) was considered for women who had not left the country (95% of patients in the hospital are foreigners). If routine postpartum monitoring was performed, maternal blood (5 ml) was collected at the same time as the first milk sample, refrigerated immediately after venepuncture, then centrifuged and the serum transferred into 800 ml aliquots for storage at 2 20 8C until analysis.
Maternal body weight was determined using digital scales (increment: 100 g; Soehnle, Murrhardt, Germany; www.soehnle.de) at intervals A and C, and the mean of consecutive triplicate measures computed with height to derive the BMI (weight (kg)/height (m) 2 ). All other data were obtained from the patients' notes.
Leptin RIA
We used a human leptin polyclonal antibody RIA (human-leptin-sensitive RIA; Mediagnost, Reutlingen, Germany; www.mediagnost.de) designed for measurement in serum and plasma, but also recommended for other biological fluids. Intra-assay variation was , 5% (, 10% for milk samples , 1 ng/ml) and interassay variation was , 7.6% (5.4% for serum samples, 9.7% for milk samples; two samples with different concentrations analysed on 5 different days) with a detection limit of 0.25 ng/ml using 100 ml samples. All milk and serum samples from the same subject were assayed in duplicate in the same test battery. After dilution according to the maternal BMI to ensure that leptin levels were in the range measurable by the RIA, the serum samples were assayed without difficulty using the manufacturer's protocol.
Given evidence that leptin levels are higher in whole than in skim milk and that the type of homogenisation procedure results in slightly different levels (6, 8) , we analysed whole milk samples twice, once after a single 10 s burst of sonication and once after conventional vortexing before incubation. The optimal time of sonication was tested before (, and . 10 s/burst, one, two and three bursts; no higher leptin levels were obtained with . 1 burst and/or . 10 s). Milk samples were spiked with two different concentrations of human leptin and the recovery was determined.
Statistics
Statistical analysis was performed using SPSS 10 and StatView 4.51 (Abacus Concept, Berkeley, CA, USA) for Windows. The Kolmogorov-Smirnov test was used for normality, and the Wilcoxon signed rank test as well as the paired t-test of log values to detect longitudinal patterns. Term vs preterm differences were examined using the Mann-Whitney U test as well as the unpaired two-tailed t-tests of log values. Bonferroni correction was used for the non-parametric tests. Group interaction with other parameters was tested using ANOVA. Correlations between two variables were tested by multiple and simple regression. A P value , 0.05 was considered significant in all tests.
Results
Subjects
After the exclusion of one woman because of unclear gestational age at delivery, the population (n ¼ 33) numbered 24 women in the term group and nine in the preterm group. The causes of preterm delivery were preterm premature rupture of the membranes (n ¼ 5), placental detachment (n ¼ 2) and placenta previa (n ¼ 2). Four of these nine women received single-dose fetal lung maturation induction with intravenous betamethasone, 8 days prepartum (n ¼ 3) and 21 days prepartum (n ¼ 1). The groups did not differ significantly in parity, mode of delivery, infant sex, or maternal age, weight or BMI (Table 1) .
Analytical procedure
In serum, preincubation vortexing yielded slightly higher levels than sonication. In milk, sonication yielded significantly higher values than vortexing in intervals A (1.15^0.12 (1.04)) vs 0.90^0.11 (0.58) ng/ml; P , 0.0001) and B (0.79^0.10 (0.56) vs 0.66^0.10 (0.46) ng/ml; P , 0.005). The difference in interval C was non-significant. Over 90% of values after the sonication procedure were positive (P , 0.0001 vs vortexing). Values , 0.25 ng/ml were entered as 0.24 ng/ml in the log statistical analyses (no zero values). Milk samples spiked with 1 and 5 ng/ml human leptin were parallel to the standard curve of samples in assay buffer or serum (identically treated with sonication procedure before incubation). The recovery of spiked milk samples was 97% in the test series (Table 2) . For statistical evaluation, only values from the sonication procedure were used.
Serum and milk leptin, term vs preterm delivery, longitudinal pattern (term: n ¼ 21; preterm: n ¼ 7; the five missing samples involved women who had left the country).
Leptin levels followed a lognormal distribution. In interval A, pooled group levels were approximately tenfold higher in serum than in milk (10.95^2.01 (8.80) ng/ml vs 1.15^0.12 (1.04) ng/ml; P , 0.0001, Wilcoxon signed rank test and paired t-test). Serum levels were higher in the term group than in the preterm group (13.24^2.48 (12.18) ng/ml vs 4.46^1.05 (4.3) ng/ml; P ¼ 0.03 (the Bonferroni-corrected P value was non-significant), Mann-Whitney U test and unpaired t-test) (Fig. 1a) .
Overall milk leptin levels were highest in interval A (1.15^0.12 (1.04) ng/ml); they then fell to 0.79^0.10 (0.56) ng/ml in interval B (P , 0.01, Wilcoxon signed rank test) and remained at this plateau thereafter. In the term group, levels differed between intervals A (1.34^0.14 (1.35) ng/ml) and B (0.92^0.12 (0.86) ng/ml) (P , 0.05, Wilcoxon signed rank test and paired t-test); intervals B and C did not differ (Fig. 1b) . In the preterm group, levels fell slightly from A to B, but did not differ significantly over the three intervals; mean levels were approximately half those of their term counterparts in intervals A (0.63^0.18 (0.31) vs 1.34^0.14 (1.35) ng/ml; Table 2 Recovery of milk samples (n ¼ 6) spiked with human leptin assayed by the methods described (sonication before incubation). . A: *P , 0.01 (Mann-Whitney U test), mean difference of log values ¼ 0.37 ng/ml, P , 0.005 (unpaired t-test); B: **P , 0.05 (Mann-Whitney U test), mean difference of log values ¼ 0.28 ng/ml, P , 0.05 (unpaired t-test); the fall from A to B was significant overall (P , 0.01) and significant in the term group ( þþ P , 0.05), but non-significant in the preterm group (Wilcoxon signed rank test). n ¼ 7; A: 2 -3 days postpartum; C: 4 -6 weeks postpartum; CS: Caesarean section; M: male; F: female. *P , 0.0001, **P , 0.0005, ***P , 0.005 (preterm vs term; Mann -Whitney U test). P , 0.01) and B (0.46^0.10 (0.32) vs 0.92^0.12 (0.86) ng/ml; P , 0.05) (Fig. 1b) .
Correlations
There was a significant correlation between interval A milk and serum leptin levels (r 2 ¼ 0.35 (P , 0.005) by log linear regression) (Fig. 2) . There was also a significant correlation between maternal serum leptin and concomitant maternal BMI (overall r 2 ¼ 0.645 (P , 0.0001) by log linear regression) (Fig. 3a) . Regression was also significant for the term group but not for the preterm group. There was no significant correlation between maternal serum leptin and gestational age or birthweight.
There was a moderate correlation between maternal BMI and overall milk leptin levels in interval A (r 2 ¼ 0.15 (P , 0.05) by log linear regression) (Fig. 3b ), but not with term or preterm levels. There was no significant correlation between maternal BMI and concomitant interval C leptin levels. There was moderate correlation between interval A levels and birthweight and neonatal BMI (r 2 ¼ 0.16, P , 0.05; data not shown).
The marked term/preterm difference in milk leptin levels in interval A was confirmed by testing the independence of this effect from maternal body weight and maternal BMI (variance analysis, ANOVA; Table 3 ). However, there were only small term/preterm differences considering the independence of birthweight or infant BMI (P ¼ 0.057 and P ¼ 0.047).
Discussion
The novelty of the serial sampling practised in our study is that it provided a profile of leptin levels over three stages in human milk production: colostrum, transitional milk and mature milk, with their differing composition of fat and other ingredients, notably growth factors (11) . To our knowledge, there has been no previous longitudinal study of leptin levels in human milk, whether term or preterm. We only know that, in rats, milk leptin levels fall from early to early-mid lactation, then increase again from mid to late lactation (14) . A limitation of our study was that since maternal blood was taken only with the colostrum sample (and omitted in ten of the 33 subjects), we had no data on the serum/milk ratio for transitional and mature milk; we were also unable, in the absence of follow-up infant weights to test for a correlation between milk leptin and infant BMI after the colostrum period. However, we recorded a number of robust findings. Leptin levels in the serum of the pooled term and preterm groups were approximately tenfold higher than in colostrum. In the term group, serum levels were approximately threefold higher than in the preterm group, and milk levels approximately double. These significant differences were unrelated to the body weight or the BMI of the mother. Neonatal weight/BMI is, however, an equivalent parameter influencing milk levels. Furthermore, leptin levels declined significantly from colostrum to transitional milk in the term group, whereas the difference remained non-significant in the preterm group, i.e. colostrum leptin levels were maintained in the transitional milk.
These features call for a physiological explanation, in particular given the general agreement between our data and those of earlier studies Our serum and milk levels were consistent with those of other workers using whole milk sonication (7), as was our finding that levels in serum or plasma exceed those in milk, with only a moderate correlation between the two (5 -7). In the only other study of preterm milk, Resto et al. (13) reported median absolute leptin levels approximately tenfold higher than our own (5.28 ng/ml vs 0.63 ng/ml), i.e. similar to those reported for term milk, including those in the present study. Although we have no ready explanation for this discrepancy, there remains the theoretical possibility of a term/preterm difference in that Resto et al. (13) did not incorporate term controls in their study. Their results should therefore be considered provisional in this regard.
Our finding, confirmed against internal controls, that preterm milk leptin levels were lower than their term counterparts may reflect the classic role of leptin, namely its regulatory action in metabolism and weight gain. The nature of that action, however, remains a far from coherent story. Compensatory increases in key milk components have been described in breast milk after premature delivery (11, 12, 15) . If leptin is a 'slow down' signal with respect to weight gain at an early age, then a compensatory decrease releasing the brake might be expected in preterm milk leptin levels, in the same way that exposure to high concentrations of growth-promoting factors aids catch-up development and weight gain in the premature newborn.
The fact that leptin concentrations are lower in newborns with intrauterine growth retardation than in normal neonates supports this interpretation (P , 0.001) (16) . There is strong evidence that the fetus is leptin responsive. Fetal adipose tissue actively produces leptin as it grows, while term infants may already possess a partially functional internal leptin signalling loop. This speculation is supported by the repeated finding of a correlation between birthweight and neonatal serum leptin levels, even in the early postpartum period (17 -24) . Considering the fact that circulating leptin levels in neonates are influenced by the kind of diet (25) , premature infants are supplied with less leptin than term infants and lower circulating levels in premature than in term infants (26) can also be explained by lower leptin levels in the milk.
A lack of association between serum and milk leptin levels is likely to reflect a lack of association between maternal BMI and milk leptin levels. This is based on the assumption that a significant proportion of maternal serum leptin derives from the maternal fat mass, which closely reflects maternal BMI. Milk leptin could be transferred from maternal serum down a concentration gradient via transcytosis, as suggested by Aoki et al. (14) . Given the known rise in maternal serum leptin in pregnancy and the postpartum fall (4, 27) , milk leptin may at least partially be derived from the maternal circulation in the early postpartum period. Since maternal serum levels are gestation dependent, preterm milk levels will naturally start on a lower level than after term delivery. Clear in vivo evidence in rats of maternal transfer is that the injection of [ 125 I]leptin into lactating dams is detected in the stomachs of their sucking pups and produces timedependent increases in pup blood levels (5).
However, a complicating factor is that mammary epithelial cells in vitro also directly produce and release leptin, in both rat (14) and human (8) -indeed mRNA expression in these cells approaches that found in adipocytes. In rats, milk and serum leptin levels also change quite independently of each other, making direct transfer from maternal serum an unlikely sole source (14) . The contribution of mammary leptin to the patterns which we have described in this study remains unknown, as does the mechanism which might modulate mammary leptin production. Future more detailed studies in larger patient groups will seek to test the hypothesis that low leptin levels accelerate weight gain in the preterm infant, and to identify the source of milk leptin at different stages of lactation in terms of the longitudinal ratio between milk and serum (in fetus, mother and neonate) after term and preterm delivery.
